Abstract Osmotic dehydration (OD) conditions of peach slices were optimized using response surface methodology (RSM) with respect to sucrose concentration (50-70°B), immersion time (2-4 h) and process temperature (35-55°C) for maximum water loss (WL), minimum solute gain (SG) and maximum rehydration ratio (RR) as response variables. A central composite rotatable design (CCRD) was used as experimental design. The models developed for all responses were significant. All model terms were significant in WL except the quadratic levels of sucrose concentration and temperature whereas in SG, linear terms of time and linear and quadratic terms of temperature were significant. All the terms except linear term of time and interaction term of time and sucrose concentration, were significant in RR. The optimized conditions were sucrose concentration=69.9°B, time=3.97 h and temperature=37.63°C in order to obtain WL of 28.42 (g/100 g of fresh weight), SG of 8.39 (g/100 g of fresh weight) and RR of 3.38.
Optimization of osmotic dehydration conditions of peach slices in sucrose solution using response surface methodology Baljeet Singh Yadav & Ritika B. Yadav & Monika Jatain food ratio and specific surface area of the food (Singh et al. 2008; Ozdemir et al. 2008; EL-aouar et al. 2006; Lenart and Flink 1984) . Osmotic agents that are used include sugar, glucose, corn syrup and sodium chloride.
Osmotic dehydration of fruits has recently received a lot of attention as a potential pre-treatment to conventional drying and freezing for improving the quality of fruit products and reducing energy consumption (Raoult-wack 2002; Nieto et al. 1998 ). This pre-treatment minimizes the thermal degradation of color and flavor, prevents enzymatic browning and thus limits the use of SO 2 (Lenart and Grodeka 1989 ) . Additionally, it has been found to improve nutrient retention during the subsequent convective drying process (Islam and Flink 1982) .
Statistical designs are powerful tools used to study the main as well as the interactive effects of different process variables on a process. Among them, response surface methodology (RSM) is a collection of certain statistical techniques for designing experiments, building models, evaluating the effects of factors and searching for optimal conditions of desirable responses. RSM is an effective tool for optimization of a number of food processes including OD (Corzo and Gomez 2004) . The main advantage of RSM is the reduced number of experimental runs that provide sufficient information for statistically valid results.
Osmotic dehydration process has been investigated for various fruits and vegetables like papaya (Kaleemullah et al. 2002) , mushroom (Kar and Gupta 2003) , beetroot (Manivannan and Rajasimman 2008) , carrot (Sodhi et al. 2006) onion (Sutar and Gupta 2007) pineapple (Parjoko et al. 1996; Kumar and Devi 2010) apple (Conway et al. 1983; Janowicz and Lenart 2010) , banana (Pokharkar and Prasad 1998) . The process variables for the osmotic dehydration of pomegranate arils were successfully optimized using response surface methodology (central composite rotatable design) by Mundada et al. (2010) . In the optimization of the osmotic dehydration process of the carrot cubes in mixtures of sucrose and sodium chloride by response surface methodology, using face-centered central composite design (CCF), the optimum osmotic dehydration process conditions for maximum water loss and minimum solute gain were: 50°Brix+15% w/v sodium chloride solution, 54.8°C solution temperature and 120 min process time ). Shedame and Patil (2009) studied the effect of osmotic dehydration on the drying characteristics of grapes. Response surface methodology was also used to investigate the effect of sugar concentration (50-70°Brix), solution temperature (30-60°C), solution to fruit ratio (4:1-8:1) and immersion time (60-180 min) on the water loss, solute gain, rehydration ratio, vitamin-C loss, colour change and sensory overall acceptability of Indian gooseberry (aonla) slices (Alam et al. 2010 ). Rastogi and Raghavarao (2003) studied the osmotic dehydration kinetics of pineapple cubes over a range of concentration (40-70°B) and temperature (30-50°C) of osmotic solution. Although there have been very few studies on the osmotic dehydration of peach also (Sahari et al. 2006; Giangiecome et al. 1987 ) but the studies on the optimization of process conditions for osmotic dehydration of peach are scanty. Therefore, the purpose of the present study was to investigate the effect of process variables of sucrose concentration, process duration and process temperature on WL, SG and RR during OD of peach slices and to establish optimum OD conditions.
Materials and methods

Sample preparation
Fresh, fully ripened peaches (Prunus perica) (5 kg) of Red heaven cultivar were purchased from a local market. The initial moisture content of the fresh peach was 88.5± 0.90.0%. The fruits were washed, peeled, destoned and sliced into pieces of 20×20×5 mm before immersing them in different osmotic solutions.
Osmotic solutions preparation
Food grade sucrose was used as osmotic dehydrating agent and osmotic solutions of 50, 60 and 70°B were prepared.
Osmotic dehydration process
The prepared fruit slices were immersed in desired osmotic solutions at 35, 45 and 55°C for 2, 3 and 4 h. For each experiment, 50 g of peach slices were put in to 500 ml beakers containing 250 ml of osmotic solutions of different concentrations preset at the desired temperature in a precision hot water bath (±1°C). The sample/solution ratio was kept as 1:5 (Kar and Gupta 2003) . After the specified immersion time, the osmotically dehydrated samples were quickly rinsed, gently blotted dry with absorbing paper in order to remove adhering osmotic solution and later weighed and analyzed. Triplicate samples were used for each experiment. The water content was determined by drying the samples in a hot air oven at 65°C and 1.6 m/sec air velocity. The same hot air drying conditions were used for dehydrating the osmotically dehydrated samples used for rehydration studies.
Water loss, solute gain and rehydration ratio The equations given by Ozen et al. (2002) were used to calculate the water loss and solid gain during the osmotic dehydration process. Where, W o is the initial weight (g) of the peach slices, W t is the weight (g) of the peach slices after osmotic dehydration for time t in hours, S o is the initial weight of solids (dry matter) in the peach slices (g), and S t is the weight of solids (dry matter) of peach slices after osmotic dehydration for time t(h).
Rehydration ratio (RR), which is used to measure water absorption by osmotically dehydrated and dried product was determined by soaking 15 g of each sample in a sufficient volume of water (approximately 30 times of weight of dried peaches) at room temperature for 12 h. The slices were weighed after removing excess water with the help of absorbent paper.
Rehydration ratio ¼
Weight of rehydrated peachðgÞ Weight of dehydrated peach
Theoretical considerations
Factors affecting the osmotic dehydration of peach slices were investigated with a face centered central composite design (FCC) as used by Singh et al. (2008) , the only difference being the consideration of three variables with three levels in the present study. The information provided by the FCC was used in the experimental design chosen to optimize the osmotic dehydration of sliced peaches. Three independent variables used were sucrose concentration (°B), process temperature (°C) and time (h). The responses measured were water loss, solid gain and rehydration ratio. The low and high levels of constraints in the actual (uncoded) form were taken as 50-70°B for sucrose concentration, 35-55°C for temperature and 2-4 h for immersion time. Three different levels for each experiment in coded form were -1, 0 and +1. The levels of input variables in coded and uncoded form are given in Table 1 . Further, it was assumed that three functions exist between each response and the input factors. A second order polynomial equation was fitted to the experimental data of each independent variable as given below.
where Y k =response variable (Y 1 =water loss; Y 2 =solute gain; Y 3 =rehydration ratio) and x i represent the coded independent variables (i=1,2,3=A, B, C respectively, where, A=solute concentration; B=process duration; C=process temperature), B k0 is the value of the fitted response at the center point of the design, B ki , B kii and B kij are the linear, quadratic and interaction regression coefficients, respectively.
Experimental design
The experimental design along with values of various responses is given in Table 2 . A face centered central composite design (FCC) with three independent variables at three levels was used to study the response pattern and optimum combinations of variables. RSM was applied to the experimental data using commercial statistical package (Design expert. 7.1.6 version, Statease USA). Twenty runs were defined using the above software. The statistical significance of the terms in the regression equation was examined by analysis of variance (ANOVA). Three dimensional response models were generated. The response surface plots were generated for different variables, while holding the values of third variable as constant (at the central value). Such response surface plots give accurate geometrical representation and provide useful information about the behavioral system with experimental design. The models obtained were used to interpret the effect of various variables on the responses i.e. WL, SG and RR. The optimization of the osmotic dehydration process was aimed at finding the levels of three independent factors (sucrose concentration, time and temperature) which would give maximum possible WL, minimum SG and maximum RR.
Results and discussion
ANOVA was used to assess the effect of variables on the responses. The results of the second-order response surface model in the form of ANOVA are given in Table 3 . The second order polynomial equation was regressed for all the responses at different processing conditions.
The response surface plots were generated to visualize the combined effect of two variables on a particular response. The sign and magnitude of the coefficients as given in Table 4 indicated the effect of variables on the responses. Negative sign of a coefficient at linear level indicated decrease in response value with an increase in level of the variable, whereas, at interactive level, the level of one variable increased while that of other decreased to give similar response values.
Water loss (WL)
As shown in Table 2 , the maximum WL in osmotically dehydrated fruit slices observed was 31.3%, while the (Table 4 ). All the model terms were significant in WL except the quadratic levels of sugar concentration and temperature. As shown in Table 4 , all the process variables at linear level and solute concentration and process time at interaction level had positive effect on WL (p<0.0001). The sugar concentration-temperature and time-temperature at interaction level affected the WL negatively at 0.5% level of significance. At quadratic level, only process time affected the WL at 5% level of significance.
The response surface plots for WL scores in relation to time-sucrose concentration; temperature-sucrose concentration and temperature-time have been shown in Fig. 1 . As the immersion time increased, there was a continuous increase in the WL at a specific sucrose concentration and with increase in sucrose concentration from 50 to 70°B at constant time, the water loss again increased (Fig. 1a) . These results are in agreement with Park et al. (2002) who also observed an increase in water loss with increase in concentration of the osmotic agent. As the sucrose concentration was increased, water loss was more pronounced with increase in time showing the positive interaction effect of process time and sucrose concentration on WL. Increased concentration showed it pronounced effect on WL taking more time as further increase of sugar concentration reduces the water loss that might have lead to the sugar gain by the fruits which was not desirable (Rahman and Lamb 1990) . This is attributed to the diffusion of water from dilute medium to the concentrated hypertonic solution developed in the fruit. As the temperature was increased at a specific sucrose concentration, there was a continuous increase in water loss. However, this increase was less pronounced at 70°B as compared to 50°B (Fig. 1b) . The interactive effect of temperature and sucrose concentration showed a decreasing effect on WL after a certain level. However, the interactive effect of time and temperature showed a decreasing effect on WL after a certain level (Fig. 1c) . These results indicate an increase in WL with increase in osmotic solution temperature for specific immersion time. However, this increase was less pronounced when immersion time was increased to 4 h (Fig. 1c) . The less pronounced increase in WL at high temperature maintained for higher time can be explained by the fact that further increase in temperature affects the semi-permeability of the cell walls and reduces the rate of osmosis. This may be due to reduction in viscosity of hypertonic solution and increase in diffusion coefficient of water increased at high temperature (Shahabuddin et al. 1990; Yao and Le Maguer 1996; Park et al. 2002) .When immersion time was increased at a constant temperature, there was again an increase in water loss. Kim (1990) also reported an increase in the WL with increase in temperature during OD of apples as the rate of diffusion of water increased through semi permeable membrane with increase in temperature. The present results are also in agreement with those of Singh et al. (2007) who observed increase in WL with increase in osmotic solution temperature and process time but very slight increase with increase in osmotic solution concentration. Sahari et al. (2006) also observed higher water removal using more concentrated solution of sucrose (50 and 60%) during osmotic dehydration of peach slices The concentration gradient between the intracellular fluid and solute solution caused the osmotic pressure, which lead to diffusion of water and solid molecules through semi-permeable membrane to achieve osmotic equilibrium. So the increase in solute concentration led to, increase in SG and WL.
Solute gain (SG)
It is evident from Table 3 , the model was significant and lack of fit was non significant for SG, which again confirms that the model was significant at 1 and 5% levels of significance. The regression coefficients of SG with different terms of process variables are given in Table 4 . In linear terms, time and temperature were found to be significant model terms with an increasing effect on SG (p<0.05 and <0.005 respectively) whereas, sucrose concentration was non-significant model term.
However, effect of all the interactive terms on solute gain was non-significantly positive or negligible. These results are in agreement with findings of Singh et al. (2007) obtained during the optimization of the osmotic dehydration process for carrots. The quadratic effect of all the process variables was decreasing on SG with only temperature showing significant effect at 1% level of significance. The coefficient of determination (R 2 ) was 0.85 showing 85% variability in the data. The maximum SG attained during OD was 10.65 whereas the minimum was 6.84 (Table 2) .
The SG increased with increase in immersion temperature and immersion time up to a level at a specific sucrose concentration and after it decreased. However, when the sucrose concentration increased from 50-70°B, the increase in SG was more pronounced with increase in time as compared to increase in temperature (Fig. 2a and b) . This positive interaction between process time and osmotic agent concentration was also reported by Manivannan and Rajasimman (2008) during the osmotic dehydration studies on beetroot in salt solution. When temperature was increased from 35-55°C, the increase in SG was more pronounced after 4 h as compared to 2 h (Fig. 2c) . The SG showed an initial increasing trend with increase in sucrose concentration and then declined when sucrose concentration reached to maximum level. The decrease in SG with increase osmotic solution concentration might be attributed to high viscosity of more concentrated osmotic solution imparting resistance to solute penetration at solution and peach slice interface. These results are in agreement with those of Singh et al. (2007) , who also observed an increase in SG with increase in osmotic solution temperature and process time, and a decrease in SG with increase in osmotic solution concentration.
Rehydration ratio (RR)
RR is used to measure water absorption by dehydrated product. Table 3 shows that model was significant and lack of fit was non significant for RR. The regression coefficients of RR with different terms of process variables are given in Table 4 . In the linear terms, sucrose concentration and temperature were found to be significant model terms (p<0.0001) having increasing effect on RR of the osmotically dehydrated product where as time was non significant model term. However, in the interactive terms, all terms were found significant (p<0.01) with decreasing effect on RR except sucrose concentration-time interaction term which had positive but non-significant effect. The quadratic level of all the three process variables had significant decreasing effect on RR at 1, 5 and 0.01% levels of significance for sucrose concentration, time and temperature respectively. Variability in the data was observed to be 98% (R 2 =0.98). The maximum RR attained during OD was 3.58 whereas minimum was 2.71 (Table 2) . RR increased with increase in sucrose concentration at a constant time. However, the increase in RR with increase in sugar concentration was more pronounced with increase in time (Fig. 3a) . The increase in temperature resulted in increase in RR at a particular sucrose concentration up to 45°C, after which a decline in RR was observed (Fig. 3b) . However, this increasing effect of temperature on RR was less pronounced with increase in sucrose concentration. Similarly, the increase in temperature had an increasing effect on RR at a constant time with maximum increase at about 45°C. However, when immersion time was increased from 2 to 4 h, the RR was less pronounced with increase in temperature at 4 h (Fig. 3c) .
Optimization
Responses were numerically optimized in combination with design expert software. In order to optimize the process of osmotic dehydration the maximization of WL, RR and minimization of SG were the considerations. Two solutions were obtained by RSM and depending upon the desirability of the process variables with observed and predicted values, one of the two solutions was selected for optimization of the process variables. The constraint criteria for optimization, solution along with predicted and actual values are shown in Table 5 . Using the given criteria, process conditions were optimized at sucrose concentration of 69.9°B, time 3.97 h and temperature 37.63°C in order to obtain WL of 28.42%, SG of 8.39% and RR of 3.38. Experiments were conducted based upon solution obtained. The predicted and actual values for all responses were not statistically different at 5% level of significance as verified from t-test. The results showed that coefficient of variance (CV) of the responses were less than 5.6%, which confirmed that the predicted and actual values of all the responses were in close agreement with each other. Therefore, optimum conditions obtained in the model may be recommended for osmotic dehydration of peaches.
Conclusion
Response surface methodology was effective in identifying the optimum processing conditions for OD of peach slices in osmotic aqueous solutions of sucrose having concentration in range of 50-70°B, temperature of 35-55°C and process duration of 2-4 h. The results clearly showed that models developed were appropriate to be used for predicting WL, SG and RR of peach slices within the experimental study. The OD of peach slices at optimum conditions of 69.9°B sucrose concentration, 3.97 h process duration and 37.63°C process temperature would reduce the original water content of the peach slices by about 28.42% with a rehydration ratio of 3.38.
